We have identified limB, a gene encoding a novel LIM domain-containing protein, LIM2, in a screen for genes required for morphogenesis. limB null cells aggregate, although poorly, but they are unable to undergo morphogenesis, and the aggregates arrest at the mound stage. limB null cells exhibit an aberrant actin cytoskeleton and have numerous F-actin-enriched microspikes. The cells exhibit poor adhesion to a substratum and do not form tight cell-cell agglomerates in suspension. Furthermore, limB null cells are unable to properly polarize in chemoattractant gradients and move very poorly. Expression of limB from a prestalk-specific but not a presporespecific promoter complements the morphogenetic defects of the limB null strain, suggesting that the limB null cell developmental defect results from an inability to properly sort prestalk cells. LIM2 protein is enriched in the cortex of wild-type cells, although it does not colocalize with the actin cytoskeleton. Our analysis indicates that LIM2 is a new regulatory protein that functions to control rearrangements of the actin cytoskeleton and is required for cell motility and chemotaxis. Our findings may be generally applicable to understanding pathways that control cell movement and morphogenesis in all multicellular organisms. Structure function studies on the LIM domains are presented.
INTRODUCTION
Multicellular development in Dictyostelium discoideum involves the chemotaxis of up to 10 5 individual cells to form a multicellular aggregate. The ligand for chemotaxis is extracellular cAMP that activates a series of second messenger pathways through cAMP, G protein-coupled, serpentine receptors that result in the reorganization of the actin/myosin cytoskeletons and directed movement of cells toward the aggregation center (Parent et al., 1998; Aubry and Firtel, 1999) . Cell-type differentiation and morphogenesis ensue with the sorting of prestalk cells to the apical region of the mound to form a tip and establish the initial spatial patterning of the prestalk and prespore cell populations. The tip elongates to form a first finger that falls over, producing a migrating slug or pseudoplasmodium (Loomis, 1982) . Culmination leads to the formation of a mature fruiting body containing spores and stalk cells. Cell sorting during tip formation and subsequent morphogenesis is thought to be mediated, at least in part, by differential chemotaxis to cAMP via similar chemotaxis pathways and differential cell adhesion (Mee et al., 1986; Traynor et al., 1992; Early et al., 1995; Spudich et al., 1995; Levine et al., 1997; Chen et al., 1998; Ginger et al., 1998; Nicol et al., 1999) .
Relatively little is understood about the cellular processes and molecular mechanisms that control cell movements during cell sorting and morphogenesis in multicellular organisms. To better understand the pathways involved, we undertook a genetic screen to identify genes required for these processes. One of the genes that we identified is limB, encoding the protein LIM2, which contains five LIM domains. limB is preferentially expressed during aggregation and mound formation. limB null cells are unable to properly polarize or chemotax in cAMP gradients and arrest development at the tight mound stage. The LIM family of proteins, named for the founding members lin-11, isl1, and mec-3, is a group of proteins containing at least one zinc binding "LIM" domain with the primary structure CX 2 CX 16 -23 CX 2 CX 16 -23 CX 2 C that function as domains for protein-protein interactions. LIM domain-containing proteins were discovered as genes required for proper development in two disparate systems: lin-11 and mec-3, which are involved in Caenorhabditis elegans vulval cell and mechanosensory neuron development, respectively (Way and Chalfie, 1988; Freyd et al., 1990) , and isl1, which is necessary for proper neuronal and endocrine development in vertebrates (Karlsson et al., 1990; Thor et al., 1991; Inoue et al., 1994; Pfaff et al., 1996; Ahlgren et al., 1997) . Several cytoplasmic LIM domain-containing proteins control cytoskeletal rearrangements, including paxillin, LIM kinase, Zyxin, cCrp, and the Dictyostelium LIM domain protein DdLim1, which is required for proper protrusion of lamellipodia during chemotaxis (Sadler et al., 1992; Schmeichel and Beckerle, 1994; Brown et al., 1996; Prassler et al., 1998; Edwards et al., 1999) .
The work described in this article indicates that limB null cells are unable to properly organize their actin cytoskeleton or polarize in a chemoattractant gradient, leading to specific defects in cell motility and an inability to properly chemotax and undergo morphogenesis. Our studies provide new insights into the regulatory pathways required for cell sorting during morphogenesis in multicellular organisms.
MATERIALS AND METHODS

Cell Biology, Development, and Staining
Wild-type strain KAx-3 Dictyostelium cells were grown and transformed using standard techniques (Nellen et al., 1987) . Clonal isolates of strains carrying expression constructs were selected on DM agar containing 20 -60 g/ml G418 in association with neomycin resistant Escherichia coli strain B/r (Hughes et al., 1992) . To examine morphology of development, cells were plated at varying densities on 12 mM Na/KPO 4 (pH 6.1) containing agar plates.
For ␤-galactosidase staining, cells were developed on nitrocellulose filters resting on the top of nonnutrient agar plates and then stained as described previously (Mann et al., 1994) . Staining of slugs with the Mitotracker Green (Molecular Probes, Eugene, OR) vital stain was accomplished by mixing one part labeled strain with three parts unstained strain. Of the cells from the strain to be labeled, 25% were washed in Na/KPO 4 buffer and placed on ice in 5 M Mitotracker Green in Na/KPO 4 buffer for 30 min. These cells were washed again and mixed with the remaining cells to be plated. A total of 3 ϫ 10 7 cells were plated onto agar containing 12 mM Na/KPO 4 (pH 6.1) in a 60 mm plastic Petri dish. Fluorescence images of slugs were taken with a 10ϫ objective. All fluorescence images were collected on a Photometrics Sensys camera, using IP Lab Spectrum software (Scanalytics, Fairfax, VA).
Cell pulsing and induction using cAMP were performed as follows. Axenically grown HL5 cultures were washed and resuspended at 4 ϫ 10 6 cells/ml in 12 mM phosphate buffer and pulsed with ϳ30 nM cAMP every 6 min, using a multistaltic pump. Pulsing was done for Ͼ4.5 h at 230 rpm shaking speed. For induction with high cAMP, cells were pulsed as above for 5 h and then shaken at 120 rpm (slow speed) and induced twice in 3 h with ϳ300 M cAMP. After this, cAMP was replenished with the addition of 300 M cAMP every 2 h. For Northern blot analysis of these experiments, 5 ϫ 10 7 cells were taken for each sample. Clumping was analyzed by adding 10 -15 l of cells to 2.5 l of 50% glycerol in 12 mM Na/KPO 4 and dropping them onto microscope slides.
Western blot analysis and fluorescence staining were performed as described previously (Chung and Firtel, 1999) .
Isolation of the limB Mutant
Mutagenesis was performed using the REMI method (Kuspa and Loomis, 1992) using the restriction enzyme DpnII in combination with a BamHI linearized pUCBsr-⌬Bam. Mutagenized cells were plated on SM agar with Klebsiella aerogenes as a food source and developed. Clones were screened for those that were unable to develop past the mound stage. Such strains could be defective in the ability to undergo morphogenesis, such as sorting of the prestalk cells to the anterior, or in cell-type differentiation.
limB interrupted cells were identified as one of the strains that arrested at the mound stage (did not form a tipped aggregate on SM agar plates). Plasmid rescue was performed by digesting genomic DNA isolated from this clonal line with EcoRI and religating (Kuspa and Loomis, 1992; Dynes et al., 1994) . The resultant vector was used to recapitulate the mound-arrest phenotype in the KAx-3 background by recutting the rescued plasmid with EcoRI and transforming it into wild-type cells. Disruption of the gene by homologous recombination was assayed by Southern blot analysis of genomic DNA (Nellen et al., 1987) . Several clones were picked, and all exhibited indistinguishable phenotypes. A single clone was chosen for the work described here.
Molecular Biology
The full sequence of limB was obtained by using a partial sequence obtained from the rescued REMI plasmid as a probe to screen a ZAP cDNA library described previously (Schnitzler et al., 1995) . cDNA clones were isolated and sequenced.
To obtain a clone of the complete ORF, the regions flanking the vector in the recovered plasmid were used to screen a Dictyostelium cDNA library. In this screen, we obtained clones containing the AUG initiation codon but never obtained the region encoding the C terminus of the protein and the termination codon. This is probably due to the presence of a high number of codons for lysine and glutamic acid residues near the C terminus, which may act as the binding site for oligo(dT) during library construction, because the sequence is very rich in A residues and mimics the 3Ј terminal poly(A) of mRNAs. The C terminus was obtained by cloning a genomic fragment, which contained part of the ORF and the UAA termination codon of LIM2 (our unpublished results).
All limB constructs were expressed as stable G418-resistant transformants downstream from the Act15, prespore-specific SP60 promoter, or the prestalk-specific ecmAO promoter as described previously (Dynes et al., 1994) . Deletion constructs were created using either endogenous restriction sites or internal primers located at the positions indicated in Table 1 . Site-directed mutagenesis was carried out using the Transformer Site Directed Mutagenesis Kit from Clontech (Cambridge, UK). For the mutant Y45F, the mutation primer used was (5Ј-CATTTGGATCTTTA-AATGTAAGATATGTTGGTGC-3Ј). For the C290S mutant, the mutation primer was (5Ј-CACGTAACTTGTCACCACTACCT-GAACTTGAGAAACACTCTGG-3Ј). The mutation primer for C414S was (5Ј-CCAGCGAATGGTACTTGACTAGTGGTAC-TAGTGAAATGTTCTGG-3Ј). The constructs containing these point mutations were sequenced to verify the proper substitutions and determine the absence of any other mutations. For expression of myc-tagged LIM2, PCR was carried out with the sense (5Ј-GTTTTTACTAGTAAAAAAATGGAACAAAAATTA-ATTTCAGAAGAAGATTTAAATGCAAATAAAAATGTATTATCAG-3Ј) and the antisense (5Ј-CATGACAAGTTTTACCCAC-3Ј) using the limB cDNA as a template. The resulting fragment was cut with EcoRI-SpeI. The PCR, sense (5Ј-GTTTTTGGATCCGTAAGATTGCAAGACAAAAACG-3Ј), and antisense (5Ј-GTTTTTCTCGAGAAATTAAGCTTCAGC-TTTTTTATCACC-3Ј) with LIM2 cDNA as a template, were cut with EcoRI-XhoI, and both were cloned into pBSK(ϩ) (Stratagene, La Jolla, CA) EcoRI-SpeI and XhoI-EcoRI, respectively, for sequencing. These two fragments were ligated together into an expression vector. The green fluorescent protein (GFP)-tagged LIM2 was constructed by ligating two PCR products into expression vector l. The first PCR was performed using LIM2 cDNA as a template, and the primers sense (T3 primer) and antisense (5Ј-GTTTTTCTC-GAGAAATTAAGCTTCAGCTTTTTTATCACC-3Ј), and cut with BglII-PstI. The second PCR used GFP-pInvitrogen (Invitrogen, San Diego, CA) as a template, with the primers sense (5Ј-cloning primer) and antisense (5Ј-GTTTTAGATCTTTTGTATAGTTCATC-CATGCCATG-3Ј). These products were sequenced and cloned into an expression vector cut with XhoI-SpeI. Northern blots were performed as described previously .
Cell Motion and Chemotaxis Analysis
Analysis of chemotaxis using phase-contrast and DIC video microscopy was performed as previously described (Ma et al., 1997; Chung and Firtel, 1999; Lee et al., 1999; Meili et al., 1999) .
For examination of cell movement in multicellular aggregates, cells were allowed to settle onto a dialysis membrane laid on a coverslip kept in a humid chamber and then allowed to develop to the appropriate stage as described previously (Doolittle et al., 1995) . Images were recorded using a custom-modified IMT-2 Olympus (Melville, NY) inverted microscope with a scientific-grade CCD camera cooled to Ϫ0°C (Doolittle et al., 1995) . Depending on the desired magnification, we used either an Olympus S Plan PL 0.3 NA/10ϫ air lens or an Olympus D Plan Apo UV 0.8 NA/20ϫ oil immersion lens. Recorded three-dimensional (3-D) images were processed to reduce out-of-focus light by several well characterized restoration methods (Preza et al., 1992; Conchello and McNally, 1996) . 3-D cell tracking was performed using an upgraded version of customized software (Awasthi et al., 1994) .
RESULTS
Isolation and Sequencing of limB
limB, encoding the protein LIM2, was identified in a screen for mutants that arrested at the mound stage using the REMI method of insertional mutagenesis (see MATERIALS AND METHODS) (Kuspa and Loomis, 1992) . Regions of the chromosome flanking the insertion were excised from the genomic DNA using plasmid rescue, and the plasmid was used to recapitulate the original REMI mutant by homologous recombination into a wild-type background as described previously (Kuspa and Loomis, 1992; Dynes et al., 1994 ). An analysis of randomly isolated clones showed a one-to-one correlation between the mound-arrest phenotype and disruption of limB (our unpublished results). The cloning of the DNA encoding the complete LIM2 ORF is described in the MATERIALS AND METHODS.
The derived amino acid sequence of LIM2 is shown in Figure 1A . LIM2 shows significant homology to the family of proteins containing zinc finger-like LIM domains. LIM2 contains five LIM domains in its C terminus; its N terminus has no homology to proteins in the database. Within its LIM domains, D. discoideum LIM2 shows the strongest homology to vertebrate paxillin (Turner and Miller, 1994) . However, LIM2 lacks a recognizable SH3 binding domain in its NH 2 terminus, a feature of paxillins (Turner and Miller, 1994) , and is not detectably tyrosine-phosphorylated during development or in response to cAMP signaling (our unpublished results; see MATERIALS AND METHODS). The NH 2 terminus of LIM2 contains seven repeats of (V/I/M)S(T/S/R/ K)GPGL, followed by five repeats of S(S/F)GV. Another characteristic of the LIM2 protein is the presence of a highly charged C terminus with 18 lysines and 11 glutamates in the last 50 amino acids. Many of the lysines and glutamic acids are associated in the sequences KE, EK, KKE, and KEKE.
The presence of multiple LIM domains at the C terminus and a sequence comparison of the individual LIM domains identify LIM2 as a Group 3 LIM protein according the classification of Taira et al. (1995) . Alignments of the LIM domains from several Group 3 LIM proteins are shown in Figure 1B . The LIM2 LIM domains show the strongest overall sequence homology to those of paxillin.
limB Null Cells Exhibit Defects in the Actin Cytoskeleton
Microscopic examination of limB null cells showed that they have many microspikes around the periphery of cells, suggesting an aberrant organization of the actin cytoskeleton. To examine this directly, we stained the actin cytoskeleton in limB null and wild-type cells with FITC-conjugated phalloidin. F-actin is found as a cortical band or concentrated at the leading edge at the site of pseudopod formation and in the posterior of polarized, aggregation-competent wild-type cells ( Figure 2A ). In contrast, limB null cells have many F-actin-enriched microspikes, which may be filopodia, along the periphery of the cells, with the remainder of the F-actin found in nondistinct patches scattered in the cytoplasm. We also examined F-actin localization in living cells by visualizing the distribution of coronin-GFP, which binds to F-actin and is used to localize F-actin in living cells (Gerisch et al., 1995) . The distribution of F-actin was similar to that observed using phalloidin staining of fixed cells. ( Figure 2B ).
Using time-lapse fluorescence microscopy of coronin-GFP, we examined the dynamics of F-actin formation in limB null and wild-type cells in aggregation streams. GFP-coronin-expressing limB null or wild-type cells were mixed with unlabeled wild-type cells, allowed to develop until the onset of aggregation, and examined by time-lapse microscopy. In such experiments, the wild-type cells provide the extracellular signaling required for aggregation in case a mutant strain is deficient in producing a needed extracellular signal or cell-cell contacts and reduces problems with forming aggregation streams caused by aggregation defects of the mutant strain. As in wild-type cells, GFP-coronin concentrates at pseudoplasmodial extensions and lamellapodial faces of limB null cells ( Figure 2D ). However, this localization is significantly less robust than that observed in wildtype cells analyzed under the same conditions ( Figure 2Ca ). Moreover, limB null cells extend pseudopodia enriched with coronin-GFP in random directions relative to the direction of cell movement, and the cells appear not to be highly polarized (see below). These results suggest that limB null cells have significant abnormalities in the regulation of Factin organization.
Subcellular Localization of LIM2 Protein
We used a GFP-LIM2 fusion protein, which complements the limB null phenotype (our unpublished results), to examine the subcellular localization of the LIM2 protein in cells ( Figure 2E ). The GFP-LIM2 fusion protein shows an enriched localization to the cortical/membrane regions of wild-type cells. We observed a similar localization of LIM2 using myc-tagged LIM2 (our unpublished results). To determine whether LIM2 colocalizes with the actin cytoskeleton, we examined phalloidin staining of F-actin and GFP-LIM2 in fixed cells. Although both F-actin and GFP-LIM2 are associated with the cell cortex, they do not colocalize ( Figure  2E , see phalloidin staining). GFP-LIM2 exhibits a more uniform cortical localization.
limB Null Cells Exhibit Growth and Developmental Phenotypes
As shown in Figure 3A , limB null cells form normal-sized aggregates but with delayed kinetics, forming mounds at 12 h compared with 8 h for wild-type strains. limB null cells arrest at the mound stage without forming tips, suggesting that these cells might have difficulties in cell migration in the mound resulting in poor cell sorting and the lack of tip formation. Expression of limB from the constitutive Act15 promoter complements the limB null developmental phenotypes, with developmental timing and morphologies similar to those of the parental wild-type strain (our unpublished results). To examine aggregation of limB null cells more closely, we used time-lapse video microscopy of a monolayer of limB null cells (Ma et al., 1997; Meili et al., 1999 ) (see MATERIALS AND METHODS). cAMP response waves are visible beginning at ϳ4 h of development, similar to observations of the wild-type strains ( Figure 4A ; our unpublished results); however, in contrast to wild-type cells shown in Figure 4A (top panels), which start to form aggregates by 6 h, limB null cells do not form large, discrete, stable signaling centers until 9 h, when the cells start to chemotax toward the centers ( Figure 4A , bottom panels). Some of the smaller centers formed by limB null cells coalesce to form normalsized centers and aggregates at 11-12 h under these conditions. There is rotation of cells around the center of the mound, as seen in the parental KAx-3 cell line (Siegert and Weijer, 1995; Kellerman and McNally, 1999) , implying that the cAMP signaling pathway functions during aggregation and within the mound ( Figure 4B) ; however, in time-lapse movies of limB null cells undergoing rotation in the mound, mutant cells appear to extend pseudopodia at all angles to their direction of motion, unlike wild-type cells, which remain elongated primarily along their direction of movement.
The aggregation defects described above suggest that chemotactic migration of limB null cells is very delayed or aberrant, leading to a delay in mound formation. To study (Chung and Firtel, 1999) . (B) limB null and KAx-3 cells expressing GFP-coronin, which binds to F-actin. In both A and B, the white arrows indicate actin rich "microspike" structures observed in the limB null cells. C and D show the localization of F-actin in wild-type and limB null aggregation streams using GFP-coronin. Wild-type (C) or limB null (D) vegetatively growing cells expressing GFP-coronin were washed and mixed with an ϳ10-fold excess of unmarked wild-type cells and plated for development on thin agar. Once aggregation streams were formed, the cells were photographed using time-lapse video microscopy with either a Nikon (Melville, NY) Microphot FX or an Eclipse TE300 microscope with a 20ϫ objective and equipped with fluorescence. The images were directly captured onto a computer using IP Labs software. Only the GFP-coronin-expressing cells can be seen. The direction of movement is indicated by the arrow. A series of sequential images are shown. E shows the subcellular localization of LIM2. LIM2-GFP fusion, which complements the null phenotype and was expressed from the Act15 promoter, is shown in the left panel. Phalloidin staining of F-actin is shown in the right panel.
chemotaxis of limB null cells directly, we used DIC microscopy to examine the movement of aggregation-stage cells toward a micropipette emitting the chemoattractant cAMP (see MATERIALS AND METHODS). Time-lapse images of limB null cells ( Figure 5B) show that the cells are significantly less polarized than wild-type (KAx-3) cells ( Figure  5A ) and move more slowly without protruding major pseudopodia toward the cAMP source. As demonstrated in Figure 5Bb (a, b, and d) , limB null cells have numerous microspikes (filapodia), seen as spiny projections from the surface of the cells. In addition, some of the cells (significantly more than wild-type cells) project more than one dominant pseudopod ( Figure 5Bb, b and c) .
limB null cells also exhibit growth phenotypes. In suspension culture, their growth rate is significantly slower than that of wild-type cells, growing with an average doubling time of 18.5 Ϯ 2 h compared with 10.5 Ϯ 1 h for wild-type cells (our unpublished results). On plastic Petri dishes, the cells are less adherent to the bottom of the dish than wildtype cells and are easily dislodged (our unpublished results). These defects in cell morphology and adherence suggest that limB null cells may have an altered cytoskeletal organization. limB null cells were not multinucleate under any growth condition as determined by DAPI staining (our unpublished results).
limB Null Cells Exhibit a Defect in Cell Typespecific Gene Expression and the Formation of CellCell Contacts
The developmental pattern of limB expression is shown in Figure 6A . limB transcripts are first detectable in our RNA blots at 4 h of development, peak at 8 -12 h, and then decrease for the remainder of development. On the basis of our observations of growth defects in limB null strains, the protein must be expressed in vegetative cells as well, but the level of transcripts must be significantly lower than that observed during aggregation.
To determine whether aggregation and postaggregative gene expression is altered in limB null cells, we used RNA blots probed with csA/gp80 and LagC, respectively. Aggregation-stage genes such as csA/gp80 are induced in response Washed, starved cells were plated as an ϳ95% confluent monolayer on thin agar, and aggregation was recorded by time-lapse video, phase-contrast microscopy as described previously (Ma et al., 1997; Meili et al., 1999) to oscillatory pulses of cAMP via a receptor-mediated, G protein-dependent signaling pathway (Noegel et al., 1985; Mann and Firtel, 1989; Wu et al., 1995) . As shown in Figure  6B , csA exhibits similar kinetics of induction in wild-type and limB cells; however, in the wild-type strain, csA expression is down-regulated after 8 h of development in the mound, whereas csA expression remains high in limB null cells, possibly because of the arrest of the limB null cells at the mound stage. Postaggregative genes are induced during late aggregation and mound formation in response to high, continuous levels of cAMP via a receptor-dependent but G protein-independent pathway (Schnitzler et al., 1995) . The postaggregative gene LagC, a marker for this stage of development, is required for morphogenesis and subsequent celltype differentiation (Dynes et al., 1994) . Induction of LagC expression is similar in both limB cells and wild-type KAx-3 cells, but LagC expression in limB null cells remains at a high level, whereas LagC expression levels decrease in wild-type organisms as described previously (Dynes et al., 1994) .
The lack of down-regulation of csA and LagC in limB null cells suggests that there may be an absence of cell sorting and subsequent cell-type differentiation. To examine celltype-specific gene expression, RNA blots were probed for the prestalk-specific genes ecmA and ecmB, expressed in prestalk (pst) A/O and B cells, respectively, and the prespore-specific marker SP60/cotC (Jermyn et al., 1989; Haberstroh and Firtel, 1990; Early et al., 1993) . In limB cells, the level of SP60/cotC gene expression is slightly reduced compared with that of wild-type cells. The kinetics of induction are delayed, consistent with the delay in aggregate formation in this strain ( Figure 6B ). The prestalk-specific markers, however, exhibit a significantly decreased level and delayed expression, suggesting that limB null cells are deficient in prestalk cell differentiation. As expected, limB null cells lack the high induction of ecmB during later development seen in wild-type organisms, which corresponds to the induction of stalk cell differentiation.
In some mutant strains, defects in cell-type-specific gene expression can be complemented by giving the cells extracellular cAMP, which mimics the normal cAMP signaling of wild-type cells (Dynes et al., 1994; Insall et al., 1994; . As shown in Figure 6C , both SP60/cotC and ecmA exhibit cAMP-dependent expression; however, RNA levels are reduced significantly in the limB null cells as compared with wild-type KAx-3. For SP60/cotC, the expression level is also reduced compared with the expression level in limB null cells undergoing multicellular development (compare SP60/ cotC expression in limB null and wild-type cells in Figure 6 , B and C). Expression of ecmA and SP60/cotC is cAMP-dependent in both limB null and wild-type cells.
Wild-type cells form clumps under the cell culture conditions used to assay cell-type-specific gene expression in suspension, which is due to increased cell-cell adhesion (Mehdy and Firtel, 1985) . Wild-type cells form only small clumps after 5 h of treatment with 30 nM pulses of cAMP at moderate speeds (120 rpm) (Figure 7) , conditions that mimic the oscillatory pulses of cAMP sensed by the cells during aggregation Insall et al., 1994; Soede et al., 1994; Ma et al., 1997) ; however, wild-type cells form large, tight aggregates if shaking is continued for an additional 3 h, whether or not additional exogenous cAMP is added. In contrast, limB null cells do not form clumps under any of the conditions tested. Because cell-cell or cell-substratum contacts are required for efficient cell-type-specific gene expression strains (Mehdy and Firtel, 1985; Dynes et al., 1994) , these data suggest that the highly reduced presporeand prestalk-specific gene expression in limB null cells may be due to a defect in cell-cell contact formation in the suspension assay. In addition, this effect might indicate a defect in limB null cells that could account, in part, for the reduced expression of these genes in limB null mounds.
Spatial Patterning of limB Null Cells
To examine whether limB null cells were capable of forming the different parts of the developing organism, we tagged limB null cells with reporter constructs and examined their ability to sort and form specific structures in chimeric organisms with wild-type strains. limB null cells expressing lacZ or GFP from the Act15 promoter, which is expressed in all cells, were mixed with a threefold excess of wild-type cells in the case of lacZ and a 10-fold excess in the case of GFP ( In addition, no limB null detergent-and heat-resistant spores are formed when cell viability is tested (Ͻ0.02%; our unpublished results). These results suggest that the stained, limB null cells in the slugs may be undifferentiated or anterior-like rather than prespore cells.
Because limB null cells induce prestalk and prespore cells when allowed to develop on their own, the inability to participate in normal slug structures may be due to their cell movement defects and their localization at the periphery of the developing chimeric aggregate. To address these possibilities, we examined the motion of the limB null cells in chimeric aggregates ( Figure 8C ). limB null cells at the mound periphery jiggle actively, but most are unable to enter the aggregate. The few cells that appear to be inside the mound show virtually no motion, although bright-field images of the same mound reveal a rotational flow. Thus, the limB null cells, when competing with wild-type cells, exhibit striking defects in motility.
To directly examine the participation of limB null cells in the formation of the prestalk and prespore domains, we tagged limB null cells with either the prestalk marker ecmAO/lacZ or the prespore marker SP60/lacZ and allowed them to form chimeras with wild-type cells ( Figure 8B ). (Note: ecmAO is the complete promoter of the ecmA gene and is expressed in pstA and pstO cells [Early et al., 1993] .) Few limB null cells expressing the prespore-specific marker SP60/lacZ are found in chimeras. The cells are localized to the posterior of slugs and appear mostly on the outer layer of cells in the slug and mature spore mass ( Figure 8B, c and f) . limB null cells expressing ecmAO/lacZ, were washed and pulsed with 30 nM cAMP for 5 h to maximize expression of aggregation-stage chemotaxis signaling pathways Ma et al., 1997; Meili et al., 1999) . Cells were plated on a glass coverslip and allowed to adhere, and a micropipette containing cAMP was inserted (for details see Lee et al., 1999; Meili et al., 1999) Developmental expression of the cAMP-pulsed induced gene csA (encoding the cell adhesion protein csA/gp80), the postaggregative gene LagC (required for development past the mound stage), the prestalk genes ecmA and ecmB, and the prespore gene SP60/cotC. (C) Induction of prestalk (ecmA) and prespore (SP60/cotC) gene expression in suspension culture as previously described (Mehdy and Firtel, 1985; Dynes et al., 1994) . Washed, log-phase vegetative cells (6 ϫ 10 5 cells/ml) were pulsed every 6 min with cAMP to a final concentration of 30 nM for 5 h at 120 rpm. Cells were then split and shaken with or without addition of cAMP to 300 M cAMP for an additional 3 or 6 h, with cAMP supplemented to 100 M every 3 h. RNA was isolated at the times indicated and analyzed by RNA blot hybridization.
which form the pstA and pstO anterior prestalk domains in wild-type strains, are mostly excluded from the anterior prestalk domain in the chimeras and are found mainly at the base of aggregates forming tips (Figure 8Ba ), in the posterior of slugs and on the slug's surface (Figure 8Bb) , and in the lower cup of sori and on the surface of the stalk ( Figure 8B, d and e) . Our results are consistent with LIM2 being required for cell sorting within the mound.
Expression of LIM2 under a Prestalk but Not a Prespore Promoter Complements the limB Developmental Phenotype
We have demonstrated that LIM2 function is important for the organization of the actin cytoskeleton and developmentally for chemotaxis, cell sorting, tip formation, and morphogenesis. Tip formation occurs through the sorting of prestalk cells to the apical region of the mound and subsequent extension of this apical region (Durston and Vork, 1979) . To determine whether LIM2 is preferentially required in prestalk or prespore cells for tip formation, we expressed LIM2 under the control of the SP60/cotC prespore promoter and the ecmAO prestalk promoter. The limB developmental phenotype was complemented when it was expressed in prestalk but not prespore cells (Figure 2A ), suggesting that LIM2 is required for proper regulation of motility or adhesion for prestalk cell differentiation and/or migration in the mound.
We examined the localization of limB null cells expressing LIM2 from the ecmAO promoter in chimeric slugs made up of three parts KAx-3 and one part limB null cells expressing ecmAO/LIM2, which we tagged with Mitotracker Green. In such chimeras, the anterior region of the slug stains brightly, as do individual cells in the posterior prespore region that probably correspond to anterior-like cells (Figure 3Bc ), indicating that these cells are fully competent to sort and form the prestalk domains of the organism. In chimeras containing wild-type cells mixed with limB null cells labeled with Act/GFP, the limB null cells exhibit the same distribution as limB null cells tagged with Act15/lacZ: staining is restricted to the posterior of developing slugs, leaving the prestalk region at the anterior of the slug unstained ( Figure 3Ba ). As expected, in a chimera containing ϳ7% wild-type cells labeled with Mitotracker Green mixed with 93% unlabeled wild-type cells, the fluorescent cells are evenly distributed throughout the organism (Figure 3Ba ).
Mutational Analysis of LIM Domain Function
To determine the role of individual LIM domains in the function of LIM2, a series of deletion mutations were constructed and expressed in wild-type and limB null cells from the Act15 promoter (Table 1) . KAx-3 cells expressing these constructs under Act15 develop normally (our unpublished results). Overexpression of a LIM2 construct containing all of the LIM domains but lacking the N-terminal domain (LIM2-1) or one lacking the highly basic terminal 31 Cterminal amino acids (constructs LIM2-1 and LIM2-9, respectively) complements the limB null phenotype (see Table  1 for summary). Constructs LIM2-5, -6, and -7, which delete LIM domains 4 and 5, 1-5, or 1 and 2, respectively, fail to complement the mound-arrest phenotype, and the phenotypes are indistinguishable from those of the limB null strain. limB null strains expressing constructs LIM2-2 and LIM2-4 form mounds that subsequently dissociate into ring-like structures that reform mounds. This process continues for limB null cells overexpressing LIM2-2 over the ϳ36 h for which the cells were followed, whereas cells expressing LIM2-4 arrest at the mound stage after the first reassociation. The LIM2-8, which contains LIM domains 3 through 5, partially complements the limB null mound-arrest phenotype. These cells aggregate and form tight mounds by 11 h. Some of the mounds form normal-looking slugs by 16 h; however, these eventually develop into abnormally shaped structures resembling slugs supported by thin stalk-like structures.
To examine the importance of the second LIM domain, we introduced point mutations in which the conserved Cys at positions 287 and 290 were mutated to Ser (strain LIM2 C287S,C290S ), thereby abolishing one of the two Zn 2ϩ coordination sites in the LIM domain. A similar mutation was made in the fourth LIM domain (strain LIM2 C412S,C415S ). Expression of these constructs in KAx-3 had no effect on development, and both constructs partially complement the Partial complementation; forms abnormal slug-like structures
The structure of each construct is as follows: 1) residues 190 -550 (end of LIM2); 2) residues 190 -436; 3) residues 255-436; 4) residues 255-550; 5) residues 366 -550; 6) residues 1-210; 7) residues 1-357; 8) residues 1-210, 273-550; 9) residues 1-518. All N-terminal deletions were expressed in-frame from the Act15 promoter with an ATG translation initiation codon.
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Vol. 11, April 2000limB background. The limB null strain expressing LIM2 C287S,C290S eventually differentiates into abnormal fruiting bodies, whereas the limB null strain expressing LIM2 C412S,C415S forms terminal structures with oddly shaped sori on top of thick, tube-like stalks. LIM2 C412S,C415S -expressing limB cells halt development at the slug stage (our unpublished results). Using phalloidin staining, we also examined whether the LIM2 mutant proteins alter the defects in the actin cytoskeleton exhibited by limB null cells. We observed a direct correlation between the ability of a LIM2 construct to complement the limB null developmental phenotype and the ability to restore the shape of the cell and the structure of the actin cytoskeleton (our unpublished results).
DISCUSSION
LimB Is Required for Tip Formation and Subsequent Morphogenesis
Understanding the pathways that control cell movement during morphogenesis is the key to understanding pattern formation and multicellular development. To investigate these processes, we undertook a screen for genes required for morphogenesis in Dictyostelium by identifying mutant strains that were unable to form a tipped aggregate. Such strains would be expected to have a defect in the ability of cells to sort to the apical tip and/or a defect in cell-typespecific gene expression. One of the genes identified in this screen is limB, which encodes the LIM domain-containing protein LIM2 and is required for proper morphogenesis. limB is one of several genes identified in this screen that, not unexpectedly, is required for the proper organization of the actin cytoskeleton, cell shape, and chemotaxis. limB null cells have numerous F-actin-enriched microspikes and adhere poorly to a substratum such as a plastic Petri dish, possibly because they are unable to flatten and spread on the surface. In addition, when placed in a cAMP chemoattractant gradient, these cells are not polarized with respect to cell shape (they are not elongated), and the subcellular localization of actin, which is preferentially found at the leading edge and in the posterior of wild-type chemotaxing cells. These cells do not produce defined pseudopodia in the direction of the chemoattractant and move very slowly compared with wildtype cells. Analysis using GFP-coronin, which binds to Factin and is used to localize F-actin in vivo (Westphal et al., 1997) , demonstrates that GFP-coronin localizes to the edge of the cell in the direction of the cAMP source; however, this response is weak. and the region of the cell that shows this localization is not always aligned with the cAMP gradient or aggregation streams, as it is in wild-type cells. This finding is consistent with the inability of these cells to polarize. Aggregation is delayed compared with wild-type cells and is somewhat "inefficient" in that a variable fraction of cells do not enter the mounds, presumably because of the chemotaxis defects. Interestingly, LIM2 is associated with the cortex of the cell but does not colocalize with F-actin or in regions enriched in myosin II in a polarized cell. A previously discovered Dictyostelium LIM domain-containing protein, DdLim1, which is quite distinct from LIM2 in structure and has only a single LIM domain, is also required for proper reorganization of the actin cytoskeleton during lamellipodia formation (Prassler et al., 1998) . Like limB, DdLim1 expression is induced during aggregation. Whether the DdLim1 and LIM2 function in the same pathway is not known.
Morphogenesis in Dictyostelium involves the differential sorting of prestalk and prespore cells. In wild-type strains, prestalk cells, which are initially found toward the outside and base of the developing mound, sort to the apical region of the mound via a mechanism involving directional movement through the 3-D mass of cells (Siegert and Weijer, 1997; Dormann et al., 1998; Aubry and Firtel, 1999; Clow and McNally, 1999) . Evidence indicates that this sorting involves chemotaxis toward cAMP. A first finger forms from an extension of the tip upward, which then falls over onto the substratum, forming a migrating slug or pseudoplasmodium. Disruption of limB results in cells that are unable to form a tip, suggesting that limB is required for the regulation of the actin cytoskeleton during this process and/or adhesion. Our observation that the expression of LIM2 under the prestalk-specific promoter rescues development of limB null cells is consistent with a model whereby limB is required for the proper sorting of prestalk cells to form a tip in the developing mound. We suggest that LIM2 is required for proper cell movement during this process.
Previous studies have demonstrated that strains in which the genes encoding components of the cytoskeleton, conventional myosin (myosin II) or myosin regulatory light chain (mlcR), have been disrupted are also unable to form a tip (De Lozanne and Spudich, 1987; Knecht and Loomis, 1987; Chen et al., 1994) . As with limB null cells, these strains exhibit chemotaxis defects, which include an inability to properly retract the posterior of the cell and a loss or reduction of cortical tension (Wessels et al., 1988; Pasternak et al., 1989; R. Koehl and J. McNally, unpublished data) . The defects in rear retraction and cortical tension found in myosin II mutants may prevent cells from moving through a multicellular mass (Doolittle et al., 1995; Shelden and Knecht, 1995; Clow and McNally, 1999) and may preclude cell sorting and tip formation (Traynor et al., 1994; Clow and McNally, 1999) . These sorting defects are likely to result in myosin II mutant cells being excluded from chimeric mounds containing wild-type cells .
We demonstrate that the limB null cells have very abnormal movement, particularly when mixed with wild-type cells. In chimeric mounds, limB null cells, like myosin II mutants, are found predominantly at the periphery, where they jiggle and appear unable to penetrate the mound. The few that manage to enter are found mostly at the mound base where they also jiggle in place, whereas the wild-type cells in the same mound exhibit their characteristic rotational flow. As seen in isolated cells or within mounds composed entirely of mutant cells, migrating limB null cells are not polarized and form multiple pseudopodia. Timelapse video microscopy of limB null cells in a cAMP gradient reveals little extension of pseudopodia in the direction of the chemoattractant source. Although it is possible that this may be due in part to an inability of the cells to form a strong attachment to the substratum, it is probable that this defect also involves the inability to properly organize the actin cytoskeleton. We think that this defect in actin reorganization leads to the observed developmental phenotypes, in particular the failure to form a tip.
Tip formation and cell patterning are thought to arise from differential movement of prestalk cells through the cell mass to the top of the mound (Durston and Vork, 1979; Clow and McNally, 1999) . To test whether the failure to form a tip in limB null mounds arises from defective prestalk cell movement, we expressed LIM2 under the control of a prestalk promoter (ecmAO), which fully rescued the limB null mound-arrest developmental phenotype. The complementary experiment with LIM2 expression under the control of a prespore promoter failed to rescue. These studies mirror the results for a myosin mutant, the mlcR null strain. Expression of the mlcR from the ecmAO prestalk but not a prespore promoter in mlcR null cells complements the morphogenetic defects of the null strain (Chen et al., 1998) . Our data therefore suggest that the motile defects in the limB null cells are especially detrimental to prestalk cell motility and the ability of these cells to sort to form the apical tip. Prestalk cells must segregate from prespore cells, presumably via differential chemotaxis (Durston and Vork, 1979; Clow and McNally, 1999) . This process requires that the prestalk cells become interposed with and move around surrounding prespore cells within a 3-D mass and respond appropriately to an attractive chemotactic signal. As we have demonstrated, both motile capabilities are defective in the limB null cells, which have difficulty penetrating wild-type mounds and exhibit aberrant chemotaxis. We think that these motile defects in the prestalk cells are likely to underlie the failure to form a tip.
limB Null Cells Exhibit Defects in Cell Adhesion
Differential cell adhesion is also thought to play a role in cell sorting of prestalk and prespore cells and postaggregative development in Dictyostelium (Sternfeld, 1979; Levine et al., 1997; Siu et al., 1997; Ginger et al., 1998; Nicol et al., 1999) . Prespore cells exhibit preferential adhesion to other prespore cells compared with their interactions with prestalk cells (Lam et al., 1981) . dtfA null cells, which lack a cellular adhesion protein, exhibit a mound-arrest phenotype similar to that of limB (Ginger et al., 1998) . Interestingly, limB null cells are defective in the ability to form large cell aggregates in suspension culture, which could be due to a defect in cell adhesion or a physical inability to form contacts because of the abnormal shape of limB null cells. In addition, limB null cells have difficulty in entering and move poorly within wild-type aggregates. These results suggest a defect in cellcell adhesion or a reduction in the ability to form cell-cell contacts, possibly because of the abnormal structure of limB null cells, which may prevent close cell-cell associations. The aggregation-stage cell adhesion molecule contact site A (csA or gp80) (Gerisch, 1968; Harloff et al., 1989; Kamboj et al., 1990; Siu et al., 1997) is expressed in limB null cells. LagC, which encodes a protein containing a single transmembrane domain with a large extracellular domain and a short intracellular domain (Dynes et al., 1994) , is required for proper morphogenesis and normal induction of postaggregative and cell-type-specific genes. It functions nonautonomously in these pathways and is proposed to be involved in cell-cell signaling. In addition, LagC protein is identical to gp150, which has been proposed to be a cell adhesion molecule required for multicellular development (Gao et al., 1992; C.-H. Siu, personal communication) . As with csA, LagC is properly induced in limB null cells, indicating that the inability of these cells to form large conglomerates or aggregates is not due to the inability to express either of these cell adhesion molecules. It is possible that some of the limB null phenotypes are due to an inability of the cells to express another cell adhesion molecule. Alternatively, the inability to form cell aggregates may be due to the abnormal structure of limB null cells, which may not allow normal cell-cell contacts to occur. We think that the morphogenetic defects are not due to the observed reduction in cell-type-specific gene expression and that the reduced prestalk and prespore gene expression results from cells arresting at the mound stage. This developmental arrest probably also accounts for our observations that csA and LagC expression does not drop after mound formation, as occurs in wild-type strains.
Our studies have identified a new gene that is required for cell movement and proper organization of the actin cytoskeleton and is essential for morphogenesis. Although the aggregation defects of limB null cells are very discernable, lack of LIM2 expression does not result in cells that are unable to aggregate. We believe that aggregation, in which the initial aggregate is formed, is more forgiving than the sorting of cells within a 3-D structure and subsequent morphogenesis. During aggregation, cells must be able to move on a 2-D surface without having to move through a tight cell mass. Cell sorting, on the other hand, requires the movement of cells through this mass, in which they must be able to extend pseudopodia and move between cells. In mutant strains such as those affecting myosin II function or limB null cells, the terminal developmental phenotype that is observed is the inability of cells to sort within the mound. We expect that the same signaling pathways and cytoskeletal reorganizations are required for chemotaxis and morphogenesis: aggregation can occur even in strains in which the reorganization of cytoskeleton in response to chemoattractants is not normal, whereas morphogenesis cannot proceed. It is likely that similar mechanisms are required for movement of cells in metazoan organisms and that the general mechanisms being elucidated in Dictyostelium are applicable to other organisms.
